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Fluid  flow through a dendri t ic  so l id - l iqu id  in te r fac ia l  zone,  during sol idi f icat ion,  has been ob- 
se rved  in a s e r i e s  of Sn-Pb  a l loys .  It was found that l iquid pene t r a t e s  only a shor t  d is tance  into 
the zone, r e la t ive  to the total  th ickness  of the zone.  The amount  of solid p re sen t  at the point of 
max imum pene t ra t ion  va r i e s  f rom 12 to 22 pct,  and depends on the alloy concen t ra t ion .  Flow 
due to volume shr inkage ,  t he rma l  convect ion,  or  solute convect ion well  inside the zone,  was not 
detected. F lu id  flow through a wire  mesh  model  of a thin sec t ion  of the so l id- l iqu id  dendr i t ic  
zone was examined .  The re su l t s  a r e  not in ag reement  with that predic ted  for  flow through a 
porous b a r r i e r ,  which had been found appl icable  to in te rdendr i t i c  fluid flow. 

T H E  impor tance  of in te rdendr i t i c  fluid flow dur ing 
sol idi f icat ion has r ecen t ly  been pointed out by a num-  
be r  of invest igators .~-6 The na ture  and extent of this  
type of flow has been in fe r r ed  from obse rva t ions  
made in t r a n s p a r e n t  a m m o n i u m  chloride ,cells 2 and 
f rom pa r t i cu l a r  solute  segrega t ion  pa t t e rns  be l ieved 
to resu l t  f rom in te rdendr i t i c  f l o w ,  4-6 No d i rec t  ob-  
se rva t ions  of in t e rdendr i t i c  flow in a me ta l  sy s t e m,  
during sol idi f icat ion,  have been repor ted .  In t e rden-  
dr i t ic  flow can r e su l t  f rom a number  of forces  dur ing 
sol id i f ica t ion including a) volume cont rac t ion  on 
f reez ing ,  resu l t ing  in liquid being drawn into the 
so l id- l iqu id  zone, b) t h e r m a l  cont rac t ion  of sol id and 
liquid, c) t he rma l  convect ion,  d) solute convect ion,  
and e) fluid motion in the r e s idua l  l iquid pool due to 
pouring tu rbu lence .  The flow is complex,  s ince  it 
occurs  through a network of channels  whose s ize  and 
configurat ion change with t ime  during so l id i f ica t ion  
and whose morphology is marked ly  dependent on the 
sol idi f icat ion p a r a m e t e r s .  

This  inves t iga t ion  was under taken  to e s t ab l i sh  di-  
rec t ly  th~ extent of in t e rdendr i t i c  fluid flow dur ing  
sol idi f icat ion,  and to re la te  the observed  flow to that 
obtained through a s impl i f ied  model  of a so l id - l iqu id  
dendr i t ic  configurat ion.  

PROCEDURE AND OBSERVATIONS 

1) Fluid Flow Through a Dendr i t i c  
Sol id-Liquid  Interface  

The genera l  expe r imen ta l  p rocedure  used in this 
inves t iga t ion  is desc r ibed  fully e l sewhere .  7 O b s e r v a -  
t ions of in te rdendr i t i c  fluid flow during sol id i f ica t ion 
were  made,  us ing rad ioac t ive  t r a c e r s ,  by obse rv ing  
the depth of pene t ra t ion  of liquid flowing into the pa r -  
t ia l ly  solidified dendr i t ic  region.  Pb-Sn  a l loys  were 
used,  contained in a ce l l  10.8 (A) by 6.4 (/3) by 0.32 
(C) cm in s ize  wi thAC hor izonta l .  A t e m p e r a t u r e  
gradient  was imposed a c r o s s  length A of the ce l l  
producing a na tu ra l  convect ive flow pa t t e rn  in the 
liquid of known conf igurat ion and velocity.  7 The a m -  
bient  t empe ra tu r e  was then lowered,  ma in ta in ing  the 
t empe ra tu r e  di f ference a c r o s s  the cel l ,  unt i l  so l id i f i -  
cat ion s ta r t ed  at the cold side of the cel l  and p ro -  

g r e s s e d  to the ce l l  cen te r .  At this t ime  a s m a l l  
amount  of the same  al loy,  conta ining radioact ive  m a -  
t e r i a l ,  was added to the top liquid sur face .  Af ter  ap-  
p rox imate ly  30 sec the sample  was rapidly quenched,  
and subsequent ly  autoradiographed to de te rmine  the 
d i s t r ibu t ion  of the radioact ive  m a t e r i a l  in the cell  at 
the t ime  of quenching.  The m a t e r i a l  invest igated was 
pure  t in  and al loys of t in containing 2, 5, 12.5, and 
20 wt pct Pb. 

During sol idif icat ion,  t e m p e r a t u r e s  were m e a s u r e d  
in the ce l l  with three  fine the rmocouples  posi t ioned 
at equal  in te rva l s  ac ross  A.  The ra te  of sol id i f ica t ion,  
as  de t e rmined  f rom the resu l t an t  cooling cu rves ,  was 
2 to 5 cm per  hr for a l l  of the r e su l t s  repor ted  here .  
Since an in t e rva l  of only 30 sec e lapsed  between add- 
ing the t r a c e r  and quenching the a l loy,  the so l id- l iqu id  
in te r face  can be cons idered  as  effectively s ta t ionary  
during this  t ime .  

The typica l  s t ruc tu re  of an al loy allowed to solidify 
under  n o r m a l  condi t ions ,  without quenching,  is shown 
in Fig.  1. This  is an au torad iograph  of Sn-2 pct Pb 
containing a sma l l  amount of T1 z~ which segregated  
during sol idi f icat ion,  del ineat ing the s t r u c t u r e .  Solid- 
i f icat ion s t a r t ed  f rom the left,  and a regu la r  dendr i t ic  
s t r uc t u r e  developed af ter  approx imate ly  one - th i rd  of 
the me ta l  had solidif ied.  The p r i m a r y  dendr i tes  have 
a spacing between 700 and 1000~ and grow in a d i r ec -  
tion inc l ined  to the hor izonta l  plane.  The inc l ina t ion  
is d i rec t ly  re la ted  to the inc l ina t ion  of the so l id- l iqu id  
in te r face  as desc r ibed  below. 

The posi t ion and shape of the so l id - l iqu id  in te r face  
in pure t in  is shown in Fig.  2 where Sn ~'3 was added 
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Fig. 1--Autoradiograph of T1204 in Sn-2 pet Pb alloy showing 
the dendritic structure of the alloy. 
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Table I. Flow Penetration into Solid-Liquid Dendritic Zone 

Tetnperature Gradmnt in Distance Between T 
Solid-Liquid Zone, Liquldus and T Average Flow 

~ Sohdus, mm Penetratmn, mm 

2 3.69 51 2.0 
5 3.08 135 3.7 

12.5 5.20 59 4.0 
20 3.50 58 8.9 
20 4.07 50 6.1 

Fig. 2--Autoradiograph of Sn il~ in tin showing smooth solid- 
liquid interface at left of dark region. 

to the liquid when half the m a t e r i a l  had sol idif ied and 
the sys tem quenched a f t e r  30 sec.  The darkened  r e -  
gions in the f igure indicate  the p resence  of Sn ~13 and 
del ineate  the flow pa t t e rn  in the liquid. On the left 
s ide of the darkened region ,  the so l id - l iqu id  in te r face  
is  c lea r ly  obse rved  as  smooth and sloping to the right.  
The in ter face  would be v e r t i c a l  and l inear  if heat 
t r a n s f e r  ac ros s  the ce l l  was en t i re ly  due to t h e r m a l  
conduction.  In the p r e sen t  case t he rma l  convect ion is 
a lso p r e sen t ,  which d i s to r t s  the heat flow pa t t e rn  
producing i so the rms  which conform with the s loping 
in te r face  shown in the f igure .  ~'9 
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(b) 
Fig.  3 - - A u t o r a d i o g r a p h  T1204 in (a) Sn-2 pc t  Pb  and  (b) Sn-5 pc t  
Pb showing dendritic structure of interface and flow penetra- 
tion at left of dark region. 

The so l id - l iqu id  in ter face  in two r ep re sen t a t i ve  
a l loys  conta in ing 2 and 5 wt pct Pb a re  shown in F igs .  
3(a) and 3(b), r espec t ive ly .  The in te r face  in both 
cases  is i r r e g u l a r  and c lea r ly  dendr i t i c ,  with r e l a -  
t ively l i t t le  pene t ra t ion  of the liquid into the dendr i t i c  
a r r a y .  The amount  of pene t ra t ion ,  m e a s u r e d  from 
s i m i l a r  au torad iographs  for the a l loys  cons idered ,  is 
given in Table  I along with the re levan t  t he r ma l  data.  
Compar ing  the observed  flow pene t ra t ion  with the 
th ickness  of the so l id- l iqu id  reg ion ,  as de te rmined  
f rom the sol idus  and l iquidus t e m p e r a t u r e s ,  it  is  ap-  
paren t  that the flow pene t ra t ion  is a s m a l l  f rac t ion  
of the th ickness  of the so l id - l iqu id  zone.  Also the 
amount  of pene t ra t ion  is  r e la t ive ly  independent  of the 
al loy concen t ra t ion .  The pe rcen t  of solid p re sen t  in 
the so l id - l iqu id  region at the deepes t  point of pene-  
t r a t ion  of the liquid flow is shown in Fig.  4 as a func-  
t ion of lead content  in the a l loy.  The values  were 
de t e rmined  f rom the in te rpola ted  t e m p e r a t u r e  c o r r e -  
sponding to the point of deepest  pene t ra t ion  and the 
phase d i ag ram.  1~ The pene t ra t ion  is  l a rges t  for the 
low concen t ra t ion  a l loys ,  dropping p r og r e s s ive ly  to 
a constant  value between 12 and 20 wt pct Pb. 

As a check to de te rmine  that the so l id- l iqu id  zone 
width obta ined from the t e m p e r a t u r e  m e a s u r e m e n t s  
was c o r r e c t ,  a fine wire  was pushed into the i n t e r -  
face,  pe rpend icu l a r  to the plane defined by the den-  
dr i te  t ips immedia te ly  a f te r  the t r a c e r  was added. 
Af ter  quenching,  the posi t ion of the tip of the wire  was 
es tab l i shed  by sect ioning.  The so l id - l iqu id  zone th ick-  
ness  was then de t e rmined  by m e a s u r i n g  the d is tance  
between the wire  tip and the dendr i t e  tips del ineated 
in the cor responding  au torad iograph .  The r e su l t s  
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Fig. 4--Percent solid present at point of deepest liquid pene- 
tration vs lead concentration in Sn-Pb alloys. 
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Fig. 5--Autoradiograph of T12~ in Sn-2 pct Pb alloy solidified 
p rogress ive ly  without quenching. 

- - § 

(a) 

Fig. 6--Etched surface of unidirectionally cas t  Cu-5 pct Ni 
alloy sectioned on a plane perpendicular  to the growth d i r ec -  
tion. Magnification 130 t imes.  

ag reed  with the zone th ickness  de te rmined  f rom the 
t h e r m a l  m e a s u r e m e n t s .  

In te rdendr i t i c  f luid flow may occur  deep in  the so l id-  
l iquid zone,  due, in some par t ,  to volume shr inkage ,  
t h e r m a l  convect ion and solute convect ion.  This  should 
draw in t r a c e r - r i c h  l iquid from the outer  region  of the 
zone,  which was not obse rved  in Fig.  3. It is poss ib le  
that more  t ime than the 30 sec allowed between in t ro -  
duction of the t r a c e r  and quenching is n e c e s s a r y  to 
show this effect. To tes t  this  poss ib i l i ty ,  the exper i -  
ment  giving the au torad iograph  of Fig.  3(a) was r e -  
peated,  but without quenching the sys t em,  so l id i f ica t ion  
p rog re s s ing  slowly to the end of the cel l .  Also Sn 11s 
was used ins tead  of T12~ to min imize  seg rega t ion  on 
sol id i f ica t ion.  The r e su l t  is shown in Fig.  5. The 
so l id - l iqu id  in t e r f ace ,  as  de l ineated  by the t r a c e r ,  is 
ve ry  s i m i l a r  to that shown in Fig.  3(a), with no ap-  
paren t  deeper  pene t ra t ion  of the t r a c e r - r i c h  l iquid.  
No flow pa t te rn  is obse rved  in the t r a c e r - r i c h  region,  
as  the t r a c e r  had ample  t ime  to completely  mix  in the 
liquid as sol id i f ica t ion proceeded.  

/ 
2) Fluid  Flow Through a Model 

of a Dendr i t i c  Interface  

The morphology of a so l id - l iqu id  dendr i t ic  zone 
dur ing sol idi f icat ion is complex,  s ince the p r i m a r y  

METALLURGICAL TRANSACTIONS 

(b) 
Fig. 7--(a) Schematic drawing of the p r imary  dendri t ic  network 
perpendicular  to the growth direct ion shown in Fig. 6. (b) A 
continuous mesh used to approximate the dendri t ic  network. 

dendr i t es  p rog re s s ive ly  thicken and develop secondary  
b r anches  behind the leading edge of the zone.  As a 
r e su l t ,  an  ana ly s i s  of fluid flow through such a zone 
is not poss ib le  at the p resen t  t ime .  As a f i r s t  approx-  

~ 5 1 D E I R E  M E S H  
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Fig. 8--Wire mesh model for observing interdendri t ic  flow. 
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Fig.  9--The f low l i n e s  in the s y s t e m  of Fig.  8 s h o w i n g  the two 10 
f low c e l l s  and the i n t e r m e s h  flow, r e s u l t i n g  f r o m  the  t e m p e r a -  
t u r e  d i f f e r e n c e  02-0 t. 

ima t ion ,  the flow through a thin sect ion in the zone ,  
p a r a l l e l  to the leading edge of the zone,  is cons ide red .  
The morphology of the dendr i t ic  s t r uc tu r e  in such a 
sec t ion  for a Cu-5 pct Ni al loy cast  un id i r ec t iona l ly  
and sect ioned p e r p e n d i c u l a r  to the p r i m a r y  dendr i te  
d i rec t ion  is shown in Fig .  6. The dendr i tes  in  the 
photomicrograph  a r e  ve ry  r egu la r  and form an i n t e r -  
locking a r r a y .  A schemat ic  drawing of the a r r a y ,  with 
each dendri te  r e p r e s e n t e d  by a c r o s s ,  is shown in 
Fig.  7(a), which can r easonab ly  be r e p r e s e n t e d ,  to a 
f i r s t  approximat ion ,  by the square  gr id  shown in Fig.  

(c) 
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Table II. Data on Wire Meshes Used in Flow Experiments and 
Fraction Flowed Results 

Mesh Properties Experimental Results 

Mesh Wire Wire Hole Counts, Counts, 
Number, Diameter, Spacing, S i z e ,  L a r g e  Small Fraction 
Wires/re. dw, mm Sa, mm ha, mm Cell Cell Flowed, f 

100 0.114 0.254 0.140 9559 1692 0.107 
100 0.102 0.254 0.152 7368 662 0.082 
80 0.165 0.317 0.152 11374 266 0.023 
80 0.127 0.317 0.191 8445 409 0.046 
60 0.241 0.424 0.183 7384 259 0.034 
60 0.178 0.424 0.246 7348 720 0.089 
40 0.279 0.635 0.356 6934 311 0.043 
40 0.216 0.635 0.419 10330 1149 0.100 
30 0.330 0.846 0.516 6569 279 0.041 
30 0.254 0.846 0.592 7121 2410 0 253 

(b) 

7(b). F lu id  flow through a squa re  gr id  a r r a y  can be 
examined  expe r imen ta l ly ,  by i n s e r t i n g  a square  wire  
mesh  into the path of liquid flowing under  a known 
dr iv ing  force  and de te rmin ing  the amount  of l iquid 
which pene t r a t e s  the mesh .  

E x p e r i m e n t s  of this type were  c a r r i e d  out in the 
p r e se n t  inves t iga t ion  by i n se r t i ng  a wire  mesh  into the 
liquid ce l l ,  as  shown in Fig.  8 (Note that one side plate  
is not included to show the m e s h - m o l d  conf igurat ion) .  
When a t e m p e r a t u r e  di f ference is imposed  a c r o s s  the 
mold,  a flow pa t t e rn  develops,  as shown in Fig.  9. 
Flow wil l  occu r  through the wire  mesh  f rom left to 

Fig.  1 0 - - A u t o r a d i o g r a p h  of T12~ in lead ,  
120 s e c  a f t e r  the t r a c e r  was  i n t r o d u c e d  
in to  the l e f t  c e l l ,  for  the w i r e  m e s h  s a m -  
ple l i s t e d  in T a b l e  II. Sample  No. (a) 5; 
(b) 4; (c) 2; and  (d) 10. 

(d) 
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r i g h t  n e a r  t h e  b o t t o m  of t he  c e l l  a n d  in  t he  o p p o s i t e  
d i r e c t i o n  n e a r  t he  t o p ,  a s  i n d i c a t e d  by  t h e  a r r o w s  in  
t he  f i g u r e .  T h e  w i r e  m e s h e s  u s e d  w e r e  s q u a r e  w o v e n  
a n d  w e r e  e i t h e r  of c o p p e r  o r  p h o s p h o r  b r o n z e .  T h e i r  
d i m e n s i o n s  a r e  l i s t e d  in  T a b l e  II .  P r i o r  to  u s e ,  t he  
m e s h e s  w e r e  c o a t e d  w i t h  a s o l d e r i n g  f lux  a n d  d i p p e d  
in to  a l e a d  b a t h  to p r o v i d e  a good  w e t t i n g  s u r f a c e  in  
t h e  e x p e r i m e n t .  T h e  l i q u i d  u s e d  in  the  m o l d  w a s  p u r e  
l e a d  a n d  t he  f low w a s  o b s e r v e d  by  a d d i n g  r a d i o a c t i v e  
T12~ A c o n s t a n t  t e m p e r a t u r e  d i f f e r e n c e  of  6 .05 
+ 0.05~ w a s  i m p o s e d  a c r o s s  t he  m o l d  p r o v i d i n g  a 
c o n s t a n t  d r i v i n g  f o r c e .  I t  w a s  e s t a b l i s h e d  t h a t  t he  
w i r e  m e s h  w a s  not  s i g n i f i c a n t l y  d i s s o l v e d  in  t he  
m o l t e n  l e a d ,  a n d  t h a t  f low d id  not  o c c u r  a r o u n d  t he  
m e s h .  

T h e  f low p a t t e r n s  f o r  a s e r i e s  of w i r e  m e s h e s  i s  
s h o w n  in F i g .  10. A l m o s t  no  flow o c c u r s  t h r o u g h  
s a m p l e  5 (60 m e s h ) ,  i n c r e a s i n g  f low t h r o u g h  s a m p l e s  
4 a n d  2 (80 a n d  100 m e s h ) ,  a n d  a l m o s t  c o m p l e t e  f low 
t h r o u g h  s a m p l e  10 (30 m e s h ) .  

A m o r e  q u a n t i t a t i v e  v a l u e  of t he  a m o u n t  of f low 
t h r o u g h  t he  w i r e  m e s h  w a s  m a d e  by  m e a s u r i n g  the  
t o t a l  a c t i v i t y  e m a n a t i n g  f r o m  the  s a m p l e  f a c e  on  e i t h e r  

s i d e  of t he  w i r e  m e s h  u s i n g  a s c i n t i l l a t i o n  c o u n t e r .  A 
l e a d  s h i e l d  was  u s e d  to b l o c k  off one  s i d e  of  t h e  s a m -  
p le  w h e n  the  o t h e r  s i d e  w a s  c o u n t e d .  T h e  d e g r e e  of  
i n t e r m e s h  f low w a s  t a k e n  a s  t he  r a t i o  of  t h e  n u m b e r  
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Fig. 11--Fraction of liquid which flowed through wire  mesh  vs 
square  of f rac t ion  liquid in the mesh.  The n u m b e r  a t  each 
point is the sample n u m b e r  l i s ted  in Table II. 

of c o u n t s  f r o m  t h e  s m a l l  c e l l ,  o v e r  t h e  c o m b i n e d  
c o u n t s  f r o m  the  s m a l l  a n d  l a r g e  c e l l s .  T h i s  i s  e s s e n -  
t i a l l y  t h e  f r a c t i o n  of the  t r a c e r  t h a t  h a s  g o n e  t h r o u g h  
the  m e s h .  T h e  r e s u l t s  a r e  l i s t e d  in  T a b l e  II a s  the  
f r a c t i o n  f l owed ,  f .  

A c c o r d i n g  to the  r e s u l t s  of  P i w o n k a  a n d  F l e m i n g s ,  11 
f o r  a c o n s t a n t  d r i v i n g  f o r c e ,  t he  f low t h r o u g h  a s o l i d -  
l iqu id  r e g i o n  s h o u l d  b e  p r o p o r t i o n a l  to the  s q u a r e  of  
the  f r a c t i o n  l i qu id .  In the  p r e s e n t  c a s e  the  d r i v i n g  
f o r c e ,  t h e r m a l  c o n v e c t i o n ,  i s  c o n s t a n t .  F i g .  11 i s  a 
p lo t  of  t he  f r a c t i o n  f lowed  v s  the  s q u a r e  of t he  f r a c -  
t i o n  l i q u i d  f o r  t he  w i r e  m e s h .  It  i s  s e e n  t h a t  t he  p lo t  
c a n n o t  b e  r e s o l v e d  in to  a n y  r e l a t i o n s h i p  due  to the  
s c a t t e r  of  t he  p o i n t s .  

DISCUSSION AND S U M M A R Y  

T h e  i n t e r d e n d r i t i c  f l u id  f low in a c t u a l  P b - S n  a l l o y s  
due  to r e s i d u a l  l i qu id  poo l  c o n v e c t i o n  h a s  b e e n  o b -  
s e r v e d .  T h e  f low p e n e t r a t e s  to  a d i s t a n c e  c o r r e s p o n d -  
ing to 12 to 22 pc t  s o l i d  in  t h e  s o l i d - l i q u i d  z o n e ,  in  
c a s t i n g s  w i t h  a p r i m a r y  d e n d r i t e  s p a c i n g  of  700 to 
1000~t. F r o m  the  c o m p a r i s o n  of F i g s .  3(a) a n d  5, if  
t h e r e  w a s  a n y  f low in to  t h e  s o l i d - l i q u i d  z o n e  due  to 
v o l u m e  c h a n g e s ,  t h e r m a l  c o n v e c t i o n ,  o r  s o l u t e  c o n -  
v e c t i o n  in  t he  i n n e r  r e g i o n s  of  t he  s o l i d - l i q u i d  z o n e ,  
i t  d o e s  no t  c a u s e  a n y  long  r a n g e  m o v e m e n t  of l i qu id .  
T h e  f low r a t e s  m u s t  t h e r e f o r e  be  e x t r e m e l y  s m a l l .  

T h e  r e s u l t s  of  t he  w i r e  m e s h  m o d e l  i n d i c a t e  t h a t  a 
s i m p l e  r e l a t i o n s h i p  d o e s  no t  s a t i s f y  t he  e x p e r i m e n t a l  
r e s u l t s  f o r  t he  l i q u i d  m e t a l  f low t h r o u g h  a p o r o u s  
b a r r i e r .  T h e  r e a s o n s  f o r  t h i s  a r e  u n k n o w n .  A f i r s t -  
o r d e r  a n a l y s i s  h a s  b e e n  c a r r i e d  ou t  e l s e w h e r e  8 r e -  
l a t i n g  t h e  w i r e  m e s h  m o d e l  q u a n t i t a t i v e l y  to t he  P b - S n  
a l l o y  r e s u l t s  in  w h i c h  a l i m i t e d  c o r r e l a t i o n  w a s  p o s -  
s i b l e .  T h e  i m p o r t a n t  po in t  i s  t h a t  if  a n  e x p e r i m e n t a l  
m o d e l  c a n  b e  d e v i s e d ,  w h i c h  i s  a b e t t e r  r e p r e s e n t a t i v e  
of a n  a c t u a l  s o l i d - l i q u i d  d e n d r i t i c  z o n e  t h a n  a d o p t e d  
in t h i s  i n v e s t i g a t i o n ,  t h e n  t h e  t e c h n i q u e  p r e s e n t e d  
h e r e  c o u l d  p r o v e  v e r y  u s e f u l .  
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